Abstract: For a better understanding of phosphorus removal from hot metal, the Gibbs free energies of solid solutions between dicalcium silicate and tricalcium phosphate were derived through applications of solutions models. The regular solution model with the parameters determined in this study gave the activities of the compo nents thermodynamically consistent with the literature data and the phase diagrams.
Introduction
The ternary system, calcium oxidesilicon oxide phosphorus oxide, constitutes one of the most fundamen tal steelmaking slags. Figure 1(a) gives the isothermal section of the ternary system CaOSiO 2 P 2 O 5 near the CaO apex at 1573 K, determined by the present authors /1/. As can be seen in Figure 1 illustrates that the temperatures of the phase transformations from α′C 2 S to αC 2 S and from αC 3 P to α̅ C 3 P are 1693 K and 1743 K, respectively, and solid solu tions 〈C 2 S-C 3 P 〉ss form between αC 2 S and α̅ C 3 P. As seen in Figure 1 (a), 〈C 2 S-C 3 P 〉ss can coexist with solid CaO at 1573 K although the stoichiometric compounds of C 2 S and C 3 P can not. This is consistent with the observation that, during phosphorus removal from hot metal, phosphorus would often be present in 〈C 2 S-C 3 P 〉ss coexisting with solid CaO /3/. A better understanding of dephosphoriza tion process would rely on the knowledge of the ther modynamic properties of 〈C 2 S-C 3 P 〉ss, whereas there has been a definite lack of such data. The present study is aimed at deriving the activities of the components at 1573 K by applying solution models to 〈C 2 S-C 3 P 〉ss.
Calculation

Solution models
Figure 1(b) reported by Fix et al. /2/ shows that solid solu tions 〈C 2 S-C 3 P 〉ss could form between highertemperature forms of Ca 2 SiO 4 and Ca 3 P 2 O 8 , represented by αC 2 S and α̅ C 3 P, respectively. The lattice structures of these solid phases have not been clarified /2/. As illustrated schemat ically in Figure 2 , however, it is not unacceptable that elec trically neutral molecules of "(1/2)Ca 3 P 2 O 8 " would replace with those of "Ca 2 SiO 4 ", depending on compositions of solid solutions. Such a simple assumption derives the definition of the substitution ratio Y, given as
where n i denotes the number of moles of component i in solid solutions. The consideration that the molecular mass of "(1/2)Ca 3 P 2 O 8 " is half of that of Ca 3 P 2 O 8 leads to equation (2) .
Inserting equation (2) O 8 ) . Therefore, the follow ing formula was assumed in this study.
DG°t(Ca
where DH°t(Ca 3 P 2 O 8 ) is the heat of the phase transporta tion from αC 3 P to α̅ C 3 P at the transition temperature of 1743 K. a) The values with superscript "a" satisfied the necessary conditions. b) The values with superscript "b" did not satisfy the necessary conditions. . the thermodynamic considerations of the phase relations, the conditions which the solution models should satisfy were mentioned below. As seen in Figure 1 (b), Ca 3 P 2 O 8 is soluble in α′C 2 S; point a represents the solubility limit at 1573 K. Such a sol ubility requires that the Ca 2 SiO 4 activity at point a is to be less than unity. According to the Condenced Phase Rule, when three phases coexist in a threecomponent system, there is only one degree of freedom. This implies that for a particular temperature, there are zero degrees of freedom; the Ca 2 SiO 4 activity is independent of the bulk composi tion in the threephase region of 〈C 2 S-C 3 P 〉ss + Ca 2 SiO 4 + Ca 3 SiO 5 (triangle baCa 3 SiO 5 ). Namely, the Ca 2 SiO 4 activity within 〈C 2 S-C 3 P 〉ss at point b is equivalent to that at point a and hence to be less than unity. In analogy with this, for the threephase region of 〈C 2 S-C 3 P 〉ss + Ca 4 P 2 O 9 + Ca 3 P 2 O 8 (triangle mCa 4 P 2 O 9 n), the solubility of Ca 2 SiO 4 in αC 3 P requires that the Ca 3 P 2 O 8 activity within 〈C 2 S-C 3 P 〉ss at composition m is less than unity. The P 2 O 5 activity in 〈C 2 S-C 3 P 〉ss at composition b was determined by the present authors through a gas equilib rium method /9/. Molten copper containing phosphorus was brought to equilibrium with mixtures of 〈C 2 S-C 3 
On the other hand, by using equations (12), (13) and (16) 
Calculation results
When the ideal solution model was applied to solid solu tions 〈C 2 S-C 3 P 〉ss, combining equations (4), (5), (8) and (9) (26) and (21), respectively. These results led to the conclusion that the ideal solution model could not give the relative partial molar Gibbs free energies of the components within 〈C 2 S-C 3 P 〉ss.
On the other hand, the regular solution model gave the following equations by combining equations (6), (7), (8) Figure 3 (b) represent the activitycomposition curves evaluated from equations (45) and (46). These curves were slightly convex upward owing to the positive value for the interaction parameter W. As already mentioned above, the activities were con stant in the twophase regions. For example, the Ca 3 P 2 O 8 activity at point h was equal to that at point i. The hatched areas in Figure 3 
Discussion
Figure 4(a) shows the isothermal section of the ternary system CaOSiO 2 P 2 O 5 near the CaO apex at 1573 K; this figure is identical to Figure 1( 21) a) The values with superscript "a" satisfied the necessary conditions. In the regions including Ca 3 SiO 5 , the activity of Ca 3 SiO 5 should be unity. Therefore, equation (13) could be rewrit ten as log K(11) = −3 log a CaO − log a SiO 2 (47)
Solving simultaneous equations (12), (16) and (47), we had log a CaO = −log a Ca 2 SiO 4 + log K(10) − log K(11) (48) log a SiO 2 = 3 log a Ca 2 SiO 4 − 3 log K(10) + 2 log K(11) (49) log a P 2 O 5 = log a Ca 3 P 2 O 8 + 3 log a Ca 2 SiO 4 − 3 log K(10)
Combining equations (45), (46), (48), (49) The CaO activity in the regions including CaO should be unity. Thus, equations (12) and (16), respectively, could be rewritten as log a SiO 2 = log a Ca 2 SiO 4 − log K (10) (60)
Combining equations (45), (46), (60) 
The values for a SiO 2 and a P 2 O 5 in the threephase regions of 〈C 2 S-C 3 P 〉ss + CaO + Ca 7 P 2 Si 2 O 16 (triangles dCaOe and gCaOf ) and 〈C 2 S-C 3 P 〉ss + CaO + Ca 5 P 2 SiO 12 (triangle hCaOi) could be calculated from equations (62) and (63). Based on the unit Ca 4 P 2 O 9 activity in the regions including Ca 4 P 2 O 9 , equation (19) was rewritten as log K(17) = −4 log a CaO − log a P 2 O 5 (64)
Solving simultaneous equations (12), (16) and (64) Combining equations (45), (46), (65), (66) and (67), the activities at 1573 K in the twophase region of 〈C 2 S-C 3 P 〉ss + Ca 4 P 2 O 9 (region lmCa 4 P 2 O 9 ) could be expressed as 
The values for the activities in the threephase regions of 〈C 2 S-C 3 P 〉ss + Ca 4 P 2 O 9 + Ca 5 P 2 SiO 12 (triangle lCa 4 P 2 O 9 k) and 〈C 2 S-C 3 P 〉ss + Ca 4 P 2 O 9 + Ca 3 P 2 O 8 (triangle mCa 4 P 2 O 9 n) could be calculated from equations (68), (69) and (70). The CaO, SiO 2 and P 2 O 5 activities estimated in this study are summarized in Table 2 , and illustrated in Figures  4(b) and 4(c) . The uncertainties of the values in Table 2 were due to the inaccuracies of DH°t(Ca 3 P 2 O 8 ) and W deter mined in this study. Figure 4(b) shows that the CaO activi ties are unity between point c and point j; in this composi tion range, the two and threephase regions include solid CaO as seen in Figure 4 Figure 6 shows the estimated phosphorus contents in molten iron attainable with the fourphase assemblages under consideration. This figure also gives the final phos phorus levels achieved with the industrial slags, given in Table 3 /12/. It is evident from this graph that the phospho rus concentrations attainable by using the heterogeneous slags are four to five orders of magnitude lower than those obtained with the industrial slags. As a consequence of this behavior, the opportunity is available to consider ably reduce required slag volume. Recently, phosphorus removal from hot metal in Japanese steelmaking indus tries has been operated with relatively lower basic slags to aim at reducing consumption of fluorspar, CaF 2 , which causes emission of hazardous fluoride species. 
Conclusions
